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Abstract 
Under the European REACH regulation, chemicals are assessed for persistence as part of weight-of-evidence deter-
minations of persistence, bioaccumulation and toxicity (PBT), as required under Annex XIII and supported by an 
Integrated Assessment and Testing Strategy (ITS). This study describes the persistence assessment of phenanthrene, a 
data-rich polycyclic aromatic hydrocarbon (PAH), in accordance with this framework. All available data from screening 
and simulation tests, for water, soil and sediment compartments, plus other relevant information, have been com-
piled. These have been evaluated for reliability and relevance, and a weight-of-evidence determination of persistence 
has been carried out. Aspects relevant to the assessment, such as degradation metabolites, non-extractable residues 
(NER), test temperature and bioavailability, have also been considered. The resulting assessment considered a wide 
range of evidence, including 101 experimental data points. Phenanthrene was demonstrated to be readily biodegrad-
able, a first-tier screen for non-persistence in the ITS. Furthermore, weight-of-evidence assessment of data for water, 
soil and sediment compartments supported a conclusion of “not persistent” (not P). In non-standard soil studies with 
sludge-amended soils, longer half-lives were observed. This was attributable to pyrogenic sources of and significantly 
reduced bioavailability of phenanthrene, highlighting the importance of bioavailability as a major source of variability 
in persistence data. Available simulation test data for the sediment compartment were found to be unreliable due to 
the anoxic impact of the use of a biodegradable solvent in a closed system, and were inconsistent with the broader 
weight of evidence. Estimation of photodegradation using AOPWIN and the APEX model demonstrated this to be 
an important fate process not currently considered in persistence assessments under REACH. The assessment is not 
in agreement with a recent regulatory decision in which phenanthrene was determined to be very persistent (vP). 
This assessment provides a case study for persistence assessment using the REACH ITS and highlights the need for 
improved guidance to improve consistency and predictability of assessments. This is particularly important for com-
plex cases with data-rich chemicals, such as phenanthrene.
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a fundamental part of chemical management schemes 
[1]. As one approach to this effort, focusing on intrinsic 
hazard properties of substances, the identification and 
management of the so-called persistent, bioaccumulative 
and toxic (PBT) chemicals has been a subject of inter-
national attention and policy action for several decades 
[2]. The assessment of persistence in the context of PBT 
assessment is performed by comparing environmental 
degradation half-lives to set criteria, which are estab-
lished both based on science and on the aims of policy 
[2]. The potential of chemicals to exhibit environmental 
persistence is considered a key indicator of potential risk, 
associated with increased and poorly reversible expo-
sure [3–7]. More recently, the environmental persistence 
of chemicals has been gaining increasing attention as 
an issue of concern in the absence of bioaccumulation 
potential and/or toxicity [4, 8].
Under the registration, evaluation, authorisation and 
restriction of chemicals (REACH) regulation of the Euro-
pean Union, the criteria for persistence are specified for 
various environmental compartments: marine water half-
life > 60  days; fresh/estuarine water half-life > 40  days; 
marine sediment half-life > 180  days; fresh/estua-
rine water sediment half-life > 120  days and Soil half-
life > 120  days. Additionally, under REACH, substances 
may be identified as very persistent: marine/fresh/estua-
rine water half-life > 60 days; marine/fresh/estuarine sed-
iment half-life > 180  days and soil > 180  days [9]. Article 
14 of REACH stipulates that substances manufactured 
or imported in quantities > 10 tpa must undergo a chemi-
cal safety assessment, which includes a PBT and vPvB 
(very Persistent, very Bioaccumulative) assessment. In 
2011, Regulation 253/2011 (EC) implemented a revision 
of Annex XIII of REACH, requiring the use of a weight-
of-evidence approach to determine whether chemicals 
have met PBT/vPvB criteria. An Integrated Assessment 
and Testing Strategy (ITS) for this assessment is out-
lined in guidance [10]. In the ITS, multiple tiers of test-
ing with increasing complexity are described, ranging 
from screening tests for ready biodegradability through 
to higher-tier simulation tests (OECD 307, 308 or 309 
guidelines) [10–13].
According to REACH Annex XIII, “A weight-of-evi-
dence determination means that all available informa-
tion bearing on the identification of a PBT or a vPvB 
substance is considered together […]. The quality and 
consistency of the data shall be given appropriate weight. 
The available results regardless of their individual con-
clusions shall be assembled together in a single weight-
of-evidence determination”. It has been suggested that 
weight-of-evidence evaluations can be performed either 
qualitatively or quantitatively [14–16]. All informa-
tion bearing on the evaluation of the chemical should 
ultimately be taken into account to draw a conclusion of 
the assessment, which should assess the coherence of the 
evidence and remaining uncertainty [15, 17].
Difficulties in persistence assessment
Despite the long-established science of persistence 
assessment [2], and extensive guidance available under 
different regulatory frameworks [9, 18, 19], issues of 
inconsistency and predictability of outcomes in these 
assessments remain [17, 20, 21]. The compartmental half-
life itself is an inherently imperfect metric to assess what 
is intended to be an intrinsic property of a chemical, as 
a half-life is implicitly first order in nature, whereas the 
actual degradation rate depends on both the character-
istics of the substance and the environmental conditions 
the substance finds itself in [3, 5, 22]. Multiple biological 
and chemical degradation processes, including hydroly-
sis [17], biodegradation [22], atmospheric oxidation and 
photolysis [23] and aquatic photodegradation [24–26], 
contribute to degradation in the environment. Sources 
of variability in biodegradation rates include, but are not 
limited to, diversity and quantity of degrading organ-
isms, test substance concentration, presence of oxygen 
or other electron acceptors, nutrients, organic carbon 
concentration and bioavailability [17, 27]. Bioavailability 
in particular, which is defined as the amount of a chemi-
cal present in an environmental matrix that is available 
for uptake by an organism, can be a significant source of 
variability in environmental degradation measurements, 
but this process has so far not been addressed in persis-
tence frameworks [21]. This variability raises significant 
challenges for the consistency of persistence assessments, 
particularly where substances under assessment have 
contrasting datasets available, or where physical–chemi-
cal properties require the utilisation of divergent testing 
strategies. Current European Chemicals Agency (ECHA) 
guidance places heavy emphasis on Organisation of Eco-
nomic Co-operation and Development (OECD) guideline 
biodegradation tests. However, even with these standard 
tests, technical challenges remain that introduce vari-
ability and reliability issues, particularly where substance 
properties require modification to the standard test set-
ups [28, 29–32].
The practice of assessing persistence on a compart-
ment-by-compartment basis, using individual half-lives 
from biodegradation tests, is also somewhat overly sim-
plistic as it fails to account for other potentially impor-
tant degradation processes and exchanges of the chemical 
between compartments in a dynamic environment. This 
can lead to unnecessarily conservative, or to false-posi-
tive persistence assessments [6, 33]. Several have advo-
cated for a multimedia modelling-based approach that 
also includes consideration of emission patterns as a 
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means of arriving at a better representation of the overall 
persistence of a substance, and a more risk-based assess-
ment [3, 6, 33–36].
Introduction to case study—phenanthrene
Phenanthrene  (C14H10, CAS number: 85-01-8) is a poly-
cyclic aromatic hydrocarbon (PAH), considered not clas-
sifiable as to its carcinogenicity in animals despite the 
conduct of cancer bioassays by multiple routes of admin-
istration [37–39]. PAHs are a unique class of chemicals 
characterised by two or more fused aromatic rings. They 
are found ubiquitously in the environment and have been 
extensively studied. PAHs have a broad range of both nat-
ural and anthropogenic sources: they can be formed as 
products of incomplete combustion (pyrogenic sources), 
such as from burning of fuel, forest fires or volcanic erup-
tions, and are also present as constituents of fossil mate-
rials (petrogenic sources), such as crude oil and coal [40, 
41]. They are also produced in minor amounts through 
biogenic and diagenetic processes. Diagnostic ratios are 
commonly used as a tool to identify and differentiate 
sources of PAHs in situations of environmental contami-
nation [41, 42]. This study aims to assess the persistence 
of phenanthrene in the context of the REACH frame-
work. A similar study has recently been completed to 
assess the bioaccumulation of this substance [43]. Due 
to the well-studied nature of phenanthrene, a large body 
of evidence is available to assess its persistence. Phenan-
threne was recently the subject of a regulatory evaluation 
under Annex XV of REACH, in which it was concluded 
to fulfil the criteria of vPvB and identified as a substance 
of very high concern (SVHC) [44]. This assessment was 
originally based on evidence from a previous evaluation 
of coal tar pitch, but this was later adapted due to evi-
dence received during the public consultation [45, 46]. 
This study will consider the data contained in that evalu-
ation, along with other available information, to arrive 
at a weight-of-evidence determination for phenanthrene 
in line with REACH Annex XIII and in accordance with 
ECHA guidance [10]. Such a large body of evidence sig-
nificantly increases the complexity of performing the 
persistence assessment, since a large amount of non-
standard data have to be considered in the weight of evi-
dence in addition to standard guideline tests. Further, for 
a highly variable parameter, such as degradation rate, it 
is necessary, where possible, to identify and account for 
these sources of variability in order to arrive at a consist-
ent and predictable prioritisation. The present study pro-
vides a critical test of REACH Annex XIII and the ECHA 
ITS. It is important that this framework results in consist-
ent and predictable regulatory outcomes in order to sup-
port the dual REACH aims of a high level of protection 
for health and the environment whilst enhancing com-
petitiveness and innovation [9].
Materials and methods
Approach to persistence assessment of phenanthrene
Phenanthrene persistence was assessed in this study 
using the Integrated Assessment and Testing Strategy 
(ITS) according to REACH guidance R.11 [10]. Since a 
range of data types are available, a weight-of-evidence 
approach has been employed, as prescribed under Annex 
XIII of REACH. A simplified overview of the ITS scheme 
is presented in Fig. 1. It begins with the generation and 
appraisal of Ready Biodegradability test data following 
OECD guidelines. If the substance is demonstrated to be 
readily biodegradable, the substance should be concluded 
“not P”. However, if the conclusion of the assessment for 
ready biodegradability is “not readily biodegradable”, the 
substance is considered “potentially P”, by default and 
the assessment moves to a second tier where enhanced 
ready and/or inherent biodegradation screening test-
ing is considered. This phase should also consider other 
data as part of a weight-of-evidence approach to deter-
mine persistence. This includes data from standard and 
non-standard testing, field studies, monitoring data as 
Fig. 1 Simplified ITS flow diagram for substance persistence 
assessment. Assessment and testing is tiered and progresses until 
a definitive conclusion on persistence can be drawn. Conclusions 
on non-persistence can be achieved with ready biodegradation 
test data. Following this, information from other screening tests 
in combination with other relevant information can be used in 
a weight-of-evidence approach to conclude the persistence 
assessment. In cases where the assessment cannot be concluded 
based on the available information, definitive compartment-specific 
simulation tests are undertaken
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well as information from applicable quantitative struc-
ture–activity relationship (QSAR) models. If, based on 
the assessment of all available information, it is not pos-
sible to reach a conclusion of the persistence assessment, 
further testing is required in the form of compartment-
specific simulation tests. These OECD guideline tests 
for water (OECD 309), soil (OECD 307) and sediment 
(OECD 308) are considered the highest tier of informa-
tion in a persistence assessment and are intended to sim-
ulate the degradation of a chemical in the compartment 
of interest under environmentally relevant conditions. 
As described in REACH guidance R.11, the aim of these 
simulation tests is to provide a definitive degradation 
half-life that can be compared directly to the persistence 
criteria of Annex XIII of REACH and thus permit a con-
clusion of the assessment to be reached. It is envisaged 
that results from testing of one or more compartments 
can be used to conclude the persistence assessment for 
other compartments, when supported by proper justifi-
cations. In order to reach a conclusion of “not P” for the 
substance, it is necessary to be able to conclude “not P” 
in all environmental compartments under consideration.
Whilst the ITS described in R.11 guidance outlines a 
stepwise approach for generating and appraising infor-
mation on persistence, such information was available 
from all tiers of the assessment for phenanthrene. There-
fore, all available data has been considered together, in 
order to apply a weight-of-evidence determination as 
described in REACH Annex XIII.
Data availability
The data included in this assessment were obtained 
predominately from the REACH Annex XV dossier for 
phenanthrene, and the comments provided during the 
associated public consultation [46, 47]. Additional stud-
ies have subsequently been compiled to supplement the 
persistence assessment of phenanthrene in this review. 
A systematic search of scientific literature repositories 
(PubMed, Science Direct, Google Scholar, Deepdyve) 
was undertaken using relevant keywords, resulting in 
the identification of approximately 10,000 potentially 
relevant studies. These were further screened to identify 
biodegradation data that were relevant to the persistence 
assessment. An overview of all the sources of information 
is provided in Additional file 1: Table S1. In summary the 
dataset is composed of the following:
a. Ready biodegradability information: two ready 
biodegradability studies, performed according to 
OECD test guidelines 301C [48, 49]. Five additional 
301F ready biodegradation tests were performed 
in accordance with good laboratory practice (GLP) 
(Additional file 1: Section S2).
b. Persistence modelling using QSARs: Biodegradability 
predictions were undertaken using BIOWIN2, BIO-
WIN3 and BIOWIN6 [50] and half-life was modelled 
using BioHCwin [51] (Additional file 1: Section S3).
c. Higher-tier simulation test information: data are 
available for soil and freshwater sediment compart-
ments corresponding to OECD test guidelines 307 
and 308, respectively (Additional file  1: Sections S4 
and S5).
d. Other information useful for a weight-of-evidence 
approach:
 i. Activated sludge simulation test according to 
OECD test guideline 314B [52] (Additional 
file 1: Section S6).
 ii. Non-standard experimental data from peer-
reviewed publications were evaluated accord-
ing to guidance R.7b and R.11 [10, 53].
 iii. Estimations of overall persistence time and 
partitioning of phenanthrene between envi-
ronmental compartments, based on Mackay 
[54], were performed using the CEMC Level 
III model (download: https ://peopl e.trent 
u.ca/~mparn is/files /L3410 .html). Standard 
defaults were used as model inputs except half-
life values which were based on experimental 
data presented in this paper.
 iv. Photolysis degradation estimations in air were 
performed using AOPWIN [55] using standard 
defaults. Estimates of photodegradation rate in 
surface water were determined through review 
of previous literature and also with the APEX 
model (Aqueous Photochemistry of Environ-
mentally occurring Xenobiotics) [24, 56].
Weight‑of‑evidence approach
As required under REACH Annex XIII, a weight-of-evi-
dence determination has been applied in the persistence 
assessment of phenanthrene. All available relevant infor-
mation bearing on the assessment of each environmental 
compartment have been considered together. Individ-
ual pieces of evidence have been weighed according to 
their reliability and relevance and have been assembled 
together in a single weight-of-evidence determination. 
The assessment has been conducted according to the fol-
lowing principles:
1. Relevance of experimental data has been assessed 
according to similarity to current standard test guide-
lines, as such having a higher regulatory impact and 
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requiring lower extrapolation [15], and applied a cor-
responding qualitative weight in the assessment. For 
instance, experiments employing freshly spiked, non-
adapted test systems at low, environmentally relevant 
concentrations, or minimising artefacts from the 
presence of free-phase material, and incorporating 
measures to minimise or account for abiotic losses, 
are afforded greater weight in the assessment. This is 
consistent with the ECHA ITS, in which simulation 
testing represents the highest tier in the regulatory 
assessment of persistence [10].
2. In order to ascertain the coherence of evidence to 
arrive at an intrinsic determination of persistence 
[15], and in light of the naturally high variability 
observed in degradation half-lives [17], data for indi-
vidual compartments were assessed on the basis of 
geometric means (geomeans). Where significant out-
liers were identified, the potential causative experi-
mental or environmental factors were explored. Con-
sistency in evidence between compartments was also 
a consideration, in line with the ECHA ITS.
Available information on phenanthrene
Ready biodegradation testing
There are a total of seven independent standardised ready 
biodegradation tests:
 i. The first test, published in 1978 by the Japanese 
Ministry of International Trade and Industry 
(MITI), resulted in 54% degradation based on bio-
chemical oxygen demand (BOD) measurements 
after 28  days [48]. The approach used in this test 
(MITI I) would ultimately become part of the 
standardised OECD 301 suite (301C) more than a 
decade later [57]. Additional analysis by gas chro-
matography (GC) and UV–Vis found degradation 
levels to be 79% and 72%, respectively, suggesting 
higher levels of primary degradation of phenan-
threne. Limited information is available on this 
study, so it is not possible to confirm whether other 
guideline validity criteria were met.
 ii. The second study, by Junker et  al. [49], also fol-
lowing the OECD 301C (MITI) test guideline, 
employed ultrasonic homogenisation to increase 
dispersion of phenanthrene. In this test, 67% of 
theoretical oxygen demand (ThOD) was achieved 
in 28 days. Although the 10-day window criterion 
is not applicable to the MITI method, it was con-
firmed that phenanthrene did achieve 60% degra-
dation within this window (pers. comm.). Further-
more, the overall validity criteria of this experiment 
were considered fulfilled.
 iii. In 2019, GLP testing under the OECD 301F guide-
line and using a similar  Oxitop© test system as Jun-
ker et  al. [49] was performed. In this work, a test 
where phenanthrene was introduced by direct 
addition was conducted, along with tests employ-
ing the following bioavailability improvements, 
permitted within OECD 301 TG [57] and PBT 
assessment guidance [10, 53] and described in ISO 
standard 10634 [58]:
a. Dispersion using ultrasonication;
b. Increased solubilisation through initial heating at 
40 °C;
c. Adsorption on an inert support (silica gel) using a 
volatile solvent;
d. Introduction of phenanthrene using a volatile sol-
vent followed by emulsion using silicon oil.
Where phenanthrene was not introduced with volatile 
solvent, the particle size of the phenanthrene crystals 
was reduced by grinding in a mortar and pestle prior to 
testing. The degrading inoculum was non-preadapted 
activated sludge taken from a municipal wastewater 
treatment plant treating predominantly domestic waste-
water. The test using silicon oil was performed after the 
initial experiments with other bioavailability modifi-
cations, using the same experimental conditions and 
inoculum source. All validity criteria were fulfilled for 
all tests. Phenanthrene ultimate biodegradation in these 
tests achieved greater than 60% ThOD (Fig.  2) within 
28 days. Therefore, all five tests conducted in this study 
fulfilled the threshold of oxygen consumption for dem-
onstrating “ready biodegradability”. For the most part, 
bioavailability improvements provided no significant 
benefit to the results of phenanthrene biodegradation 
relative to direct addition, which achieved the high-
est overall extent of mineralisation (68.3%) (Additional 
file  1: Figure S1). However, the test using silicon oil did 
show some potential to increase the rate of biodegrada-
tion. It was observed that the extent of mineralisation 
was 50.3% ThOD during the 10-day window, compared 
to 44.7% ThOD with direct addition. As these tests were 
performed with different inocula, a statistical assessment 
was not performed. However, this result sets apart the 
use of silicon oil as the only treatment to fulfil the 10-day 
window criterion for phenanthrene in these experiments 
(Additional file 1: Section S2).
Six out of seven ready biodegradability tests on phen-
anthrene report biodegradation ≥ 60% in 28  days. For 
the purpose of the persistence assessment as part of 
PBT/vPvB assessment under REACH, it is not neces-
sary to meet the 10-day window in the assessment of 
ready biodegradability [10]. However, the available 
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data from 301F testing suggest that phenanthrene also 
meets this criterion when the appropriate bioavailabil-
ity improvements are used. The majority of available 
data therefore support a conclusion of “readily biode-
gradable” in the context of the persistence assessment 
as part of PBT/vPvB assessment. Ready biodegradabil-
ity tests are designed so that positive results are une-
quivocal, as it is recognised that tests may sometimes 
fail due to their stringent test conditions, [53, 59, 60]. 
Therefore, it is generally considered that positive 
results supersede negative results. Due to the limited 
information reported in CITI [48], it is not possible to 
investigate the details of this study. Compared to the 
results of the other tests, one potential explanation for 
the lower result in CITI [48] is the difference in inoc-
ulum. It is recognised that the inoculum in ready bio-
degradation tests can have variable performance, and 
that the inoculum from OECD 301C in particular (con-
tinuous culture of inoculum from mixed sources with 
synthetic sewage) tends to have a lower biodegradation 
potency compared to other ready biodegradability tests 
using freshly collected inoculum [49, 59, 61, 62]. A fur-
ther potential reason for the inconsistency is the poorly 
water-soluble nature of phenanthrene. Chemicals that 
have low water solubility are recognised as present-
ing issues in ready biodegradability testing due to the 
relatively high test concentrations, and as such a range 
of approaches to increase the bioavailability of the test 
compounds are permitted [10, 57, 58].
Overall, the available evidence supports a conclusion 
of “readily biodegradable”. Given the stringent nature of 
these tests, and the recognition that positive results gen-
erally supersede negative results [10, 27, 60], it can be 
concluded that phenanthrene is readily biodegradable.
Experimental data for the water compartment
No degradation data from water simulation tests are 
available for phenanthrene, and so the assessment was 
undertaken using data from non-standard studies. Ten 
independent studies in both fresh and marine water 
provided a total of 19 phenanthrene biodegradation 
half-life measurements (n = 19, geomean = 3.5  days) 
(Fig. 3). An extensive study with pristine rural lake water 
[63] included inocula from seven sampling sites, col-
lected throughout the year and assessed for their ability 
to biodegrade phenanthrene dosed with the co-solvent 
acetone. Mean biodegradation was 82% (n = 28) after 
28  days of incubation. Further detailed assessment of 
a subset of inocula (sites 4 and 7) found that most of 
the total biodegradation (91–95%) occurred within the 
first week of incubation, suggesting phenanthrene rap-
idly biodegrades in water. In other non-standard stud-
ies, phenanthrene biodegradation has been measured 
in both fresh and marine water at low, environmentally 
relevant, concentrations [64, 65]. Phenanthrene was pas-
sively dosed through a loaded polymer as part of a com-
posed mixture. Biodegradation half-lives ranged from 5 
to 16  days (n = 3). Co-substrate effects on hydrocarbon 
Fig. 2 Summary of phenanthrene ready biodegradability data. 
Ready biodegradability in OECD 301C tests by aJunker et al. [49] and 
bCITI [48]. Summary of 301F test results presented in this study also 
shown using direct addition (D.A), ultrasonication (U.S.), heating to 
40 °C (40 °C), silica gel (S.G.) and silicon oil (S.O). Pass criteria for ready 
biodegradability indicated by green dashed line
Fig. 3 Phenanthrene biodegradation half-life versus test temperature 
(°C) for the water compartment (n = 19). P/vP thresholds for each 
compartment are shown with the red dotted line
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degradation rate resulting from the use of composed 
hydrocarbon mixtures have been investigated by Ham-
mershøj et al. [66] with hydrocarbons tested in isolation 
and in 3-, 8- and 16-part mixtures. No significant influ-
ence of the number of components on measured degra-
dation rates was found.
Phenanthrene degradation has also been measured 
in seawater dispersions of oils [61, 68–72]. In only one 
case was seawater pre-adapted to the test substance [67]. 
Measured half-lives from oil dispersions ranged from 0.1 
to 10 days (n = 13). No increase in the phenanthrene bio-
degradation half-life was observed from pre-adapted sea-
water. Also, no significant influence of dispersant on the 
measured degradation rates was observed [68] (Fig.  3). 
Phenanthrene biodegradation was also observed in a 
study with B20 biodiesel in freshwater [73] with a meas-
ured half-life of 2.6 days.
Primary and ultimate biodegradation of phenanthrene 
were assessed in an experiment similar to the OECD 306 
seawater biodegradability test [74, 75]. Due to deviations 
from the guideline (temperature, test substance concen-
tration and lack of reference compound controls), the 
study is included as weight-of-evidence rather than as 
a screening test. The study was performed at 5  °C using 
nutrient-amended pristine seawater collected from 
Trondheimsfjord (Norway) and 2  mg/L phenanthrene 
was dosed using a hydrophobic adsorbent (Fluortex™). 
Primary and ultimate half-lives were calculated to be 
15.1 and 63.2 days, respectively. However, a lag phase of 
around 10 days was apparent from the data, and the min-
eralisation half-life was extrapolated beyond the total test 
duration (40 days). These results are considered of lower 
weight in the persistence assessment due to the observa-
tions on data treatment and the fact that the test concen-
tration was above the water solubility of phenanthrene.
Rapid aquatic biodegradation rates are supported by a 
study of the PAH mass balance of the global oceans, indi-
cating that more than 99% of atmospheric inputs of PAHs 
(1.09 Tg/year) do not settle to the deep ocean [76]. The 
highest of these imbalances was observed for phenan-
threne, and microbial degradation was determined to be 
the dominant removal process. These types of field data 
are useful for persistence evaluation as they are based 
on a mass balance approach. The results demonstrate 
rapid and extensive degradation of phenanthrene in 
water, which is consistent with data from laboratory tests 
described above.
Experimental data for the soil compartment
An experimental system designed for screening chemical 
biodegradation in soil was developed based on the OECD 
301C (MITI) test method [49]. This system, referred to as 
the “soil screening tool” (SST), replaced the inoculated 
mineral medium with a sandy loam soil. Using this 
approach, phenanthrene degradation reached a plateau at 
39.8%, based on mineralisation, within 28 days.
Higher-tier simulation tests were performed using the 
standard OECD 307 aerobic flow-through setup (Addi-
tional file 1: Section S4) [32, 46]. In this study, degrada-
tion of the 14C-labelled phenanthrene was investigated in 
four reference soils using acetone as an application sol-
vent. All quality criteria were met, with the very minor 
exception of a slight over-recovery of radioactivity at one 
time point in a single soil (111.4% normally limited to 
110%). The study can therefore be considered of high reli-
ability and relevance. The DegT50 values ranged from 6.8 
to 17.3 days (Additional file 1: Table S6).
In other non-standard studies where phenanthrene deg-
radation has been measured in freshly spiked soils, half-
lives are generally in agreement with Shrestha et al. [32] 
(Additional file 1: Table S1). In total, thirteen such stud-
ies were found in the literature, with phenanthrene being 
dosed to soils using varying approaches, including direct 
addition or solvent spiking of phenanthrene individually, 
as a composed PAH mixture, or as a constituent of mate-
rials such as crude oil [77–89]. Measured half-lives were 
between 4.8 and 63  days (n = 28; geomean = 22.0  days). 
A single measured half-life appears to be in exception 
to this, with 200 days reported in Coover and Sims [77]. 
This half-life, measured at 10  °C, is significantly longer 
than the half-lives measured at 20 and 30 °C in the same 
study, which were both < 60 days. One possible explana-
tion for this is the relatively high amount of application 
solvent dichloromethane (100 mL/kg soil) that was used 
in this experiment. Dichloromethane has a measured log 
Koa of 2.27 and has been reported to reduce enzymatic 
activity in soil at concentrations as low as 1  mg/kg [90, 
91]. It is possible at this lower temperature that some 
dichloromethane could have remained and affected the 
microbial activity in the soil. Another potential contrib-
uting factor is the relatively high loading of phenanthrene 
(1000 mg/kg) and total PAH (3718 mg/kg) in this study. 
In general, it was found that reported half-lives for phen-
anthrene in soil correlated with the total loading of test 
material (Fig. 4), with studies that used low, environmen-
tally relevant concentrations reporting lower half-lives, 
including the OECD 307 study. At high loadings, there is 
an increased likelihood that phenanthrene will be present 
as free phase, and therefore having constraints on its bio-
availability to degrading organisms, or to be in competi-
tion with other substrates. In line with the principle that 
lower concentrations are more relevant for the persis-
tence assessment, this observed correlation adds further 
weight to the result from the OECD 307 study.
There is a large disparity between the data described 
above and those of studies where phenanthrene has 
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been introduced to the soil through application of sew-
age sludge. Data presented by Wild et al. [92] and Wild 
and Jones [93] suggested phenanthrene half-lives to be 
in the order 5.7  years for long-term field studies and 
a range of 83–193  days for corresponding laboratory-
based studies. The discrepancies can be interpreted as 
arising from differences in bioavailability of phenan-
threne in these experiments. Bioavailability plays an 
important role in the microbial degradation of sub-
stances and can be a significant source of variability in 
environmental degradation rates [22, 94–97].
The available data on ready biodegradability and 314B 
activated sludge simulation testing (see “OECD 314B 
test data” section and Additional file 1: Section S6) for 
phenanthrene are indicative of the rapid degradation 
potential of phenanthrene in wastewater treatment 
systems. Despite this, concentrations of phenanthrene 
in sludges appear to be typically in the range of 0.1–
10 mg/kg dw [98–101]. This situation is not limited to 
phenanthrene or PAHs in general, as sewage sludge is 
a known repository for a wide range of hydrophobic 
organic contaminants, which preferentially sorb to the 
organic matter in sludge [98, 99, 102]. Efforts to char-
acterise organic contaminants in sludges have identi-
fied hundreds of individual compounds to be present 
in similar concentrations to phenanthrene, including 
readily biodegradable substances (e.g. toluene, benzoic 
acid and alcohol ethoxylates) [103–105].
It is understood that degradation rates of PAHs in 
sludge are controlled by aqueous concentrations (i.e. 
freely dissolved or sorbed to dissolved colloidal material), 
and not by total extractable concentrations [106, 107]. 
The reported dissolved concentrations of phenanthrene 
in sludge are in the order of 1–10 ng/L [98, 108], suggest-
ing that bioavailable concentrations are much lower than 
total extractable concentrations. These very low aqueous 
concentrations may be very limiting for further degrada-
tion [59].
A further explanation for the reduced bioavailability 
of phenanthrene in sludges and historically contami-
nated soils and sediments is the increasing prevalence 
of pyrogenic (soot-associated) material in these matrices 
[40]. Extensive literature has documented exceptionally 
strong binding and low bioaccessibility of phenanthrene 
associated with urban soot and char [97, 109–116]. For 
example, Jonker et al. [113] estimated that 20 to 116 years 
would be required to desorb 99% of the bound phenan-
threne on various sources of soot, under environmental 
conditions. Inspection of the available diagnostic ratios 
(i.e. the phenanthrene/anthracene, fluoranthene/pyrene, 
and benzanthracene/chrysene ratios) uniformly indicates 
that the PAHs had predominantly pyrogenic origins [41] 
in the sewage sludge applied to soils by Wild et  al. [92, 
93]. Consequently, a significant fraction of soot-associ-
ated phenanthrene is expected to be non-bioavailable 
and have limited potential to biodegrade.
In a study by Harmsen and Rietra [94], the long-term 
degradation of PAHs in sediment-amended soils was 
correlated to presence and rates of fast, slowly and very 
slowly desorbing fractions. Harmsen and Rietra [94] 
reported that 42–84% of the phenanthrene in PAH-
contaminated sediments was rapidly bioaccessible. By 
contrast, 3  years after these sediments were added to 
soils, the bioavailable fraction represented only 6–7% 
of the phenanthrene present in the amended soils, and 
after 10  years this value was < 3%. Clearly, the bioavail-
ability of chemicals in environmental matrices has a sig-
nificant bearing on the rates at which they will degrade. 
Available diagnostic ratios (phenanthrene/anthracene, 
fluoranthene/pyrene and benzanthracene/chrysene) indi-
cate that the PAHs studied by Harmsen and Rietra [94] 
had predominantly pyrogenic origins [41], consistent 
with the interpretation that a significant fraction of the 
phenanthrene was strongly bound to soot and thus had 
low bioavailability. This has important implications for 
phenanthrene and for persistence assessments in general, 
which are discussed further in “Bioavailability” section.
In addition to the considerations of bioavailability, 
there are several significant concerns relating to the reli-
ability and relevance of the Wild et  al. [92] study. First, 
the reported half-life of 5.7 years is misleading, because 
Fig. 4 Phenanthrene biodegradation half-life versus total 
hydrocarbon loading (mg/kg) for the soil compartment. Orange 
triangles indicate data from OECD 307 simulation tests (n = 4). Blue 
circles indicate data from non-standard experiments (n = 28). Data 
correspond to experiments with freshly spiked phenanthrene. P/vP 
thresholds for each compartment are shown with the red dotted line
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this value results from a poorly fitted exponential model 
to the data, the field data reported by Wild et  al. [92] 
indicate that their most slowly degrading experimental 
rural site experienced a 50% decrease in phenanthrene 
concentration within approximately 2.9  years. Secondly, 
the initial concentrations in the experiments used to 
derive half-lives are estimates rather than measured val-
ues. Third, phenanthrene concentrations in control plot 
soils actually increase over the duration of the experi-
ment indicating a continuous influx after the initial appli-
cation (most likely as a result of aerial deposition) and 
adding further uncertainty to validity of the degradation 
calculations. Fourth, in a later publication the authors 
themselves highlight the inconsistency of this dataset 
with other field datasets and cite possible artefacts due 
to the use of archived soils [117]. It should also be noted 
that the limitations due to the semi-controlled and site-
specific nature of field studies are recognised in guidance 
[53], and as such field studies are not considered to rep-
resent high-tier studies, or to be directly comparable with 
laboratory tests or P/vP criteria. Based on these consid-
erations, and in line with the ECHA ITS, the studies by 
Wild et al. [92] and Wild and Jones [93] are considered of 
lower relevance compared with the OECD 307 and other 
studies where phenanthrene was spiked directly into soil, 
and are afforded a low weight in the assessment.
Experimental data for the sediment compartment
Phenanthrene was tested in a “water-sediment screen-
ing tool” (WSST), based on the OECD 301C (MITI) 
test method, similar to the “soil screening tool” (SST) 
described above [49]. In this system, phenanthrene 
achieved 51.3% mineralisation over 28  days, with a cor-
responding ultimate degradation half-life of 25.3 days.
Phenanthrene has been tested in a simulation test 
according to OECD 308 (Additional file  1: Section S5) 
[31, 46]. The combination of hydrophobicity and volatil-
ity makes chemicals, like phenanthrene, particularly diffi-
cult to test in this system due to challenges in introducing 
the chemical into the system and in avoiding evaporative 
losses that lead to incomplete mass balances and degra-
dation modelling challenges [31]. In pre-tests with the 
standard flow-through setup, considerable losses (> 40%) 
of applied radioactivity were observed due to volatilisa-
tion over a period of 7 days. Consequently, a static biom-
eter system was designed and used to reduce these losses 
and ensure mass balances remained within a valid range 
(90–110%). This did not incorporate gentle stirring of 
the water surface, contrary to what is recommended 
in OECD 308. All other parameters were followed as 
expressed in OECD 308 [12].
Phenanthrene was applied in an acetone–water co-
solvent solution, as permitted in the guideline. According 
to the guideline, the concentration of this organic sol-
vents used should not exceed 1% v/v and should not have 
adverse effects on the microbial activity of the system. 
However, the use of acetone for dosing of phenanthrene 
(0.25% v/v) in this closed setup led to a significant deple-
tion of oxygen in the test system and the formation of a 
biofilm (evidence of an effect on microbial activity) at the 
air–water interface (Additional file 1: Figure S6). This led 
to the onset of anaerobic conditions in the water phase, 
which was not replenished by headspace oxygen, and 
consequently a likely reduction in the rate of phenan-
threne biodegradation. Although both the use of applica-
tion solvents and the use of closed systems are permitted 
in the guideline, their use in combination was likely never 
envisaged nor validated, and led to significant issues with 
the performance of this test. The amount of acetone used 
(approximately 2 g/L) was sufficient to consume all of the 
available oxygen in the system multiple times over, and 
exceeds some reported effect concentrations for micro-
organisms [118, 119].
In order to further assess the extent of oxygen deple-
tion under the conditions employed in the OECD 308 
test, a repeat of the experimental setup of parameter sam-
ples was conducted employing continuous monitoring of 
oxygen concentrations in the water phase using optical 
oxygen sensors (PreSens, Germany). The results indi-
cated a continuous decline of oxygen concentration in 
the water phase of samples treated with acetone despite 
the headspace remaining aerobic throughout (Additional 
file 1: Figure S6). By day 30 the oxygen in the water phase 
of both sediments was fully depleted. The data provide 
important evidence as to the depletion of oxygen in this 
system, which had previously only been judged based on 
a single measurement of dissolved oxygen at 28 days. This 
emphasises the importance of taking additional steps to 
maintain aerobic conditions in the water phase of closed 
OECD 308 test systems.
Although an anaerobic sediment zone at the bottom 
of a water-sediment system is unavoidable [30], the 
water phase and surface layer of sediment of OECD 
308 test are typically aerobic. In fact, the OECD 308 TG 
states that the “aerobic test simulates an aerobic water 
column over an aerobic sediment layer that is under-
lain with an anaerobic gradient” and specifies typical 
dissolved oxygen concentrations of 7 to 10  mg/L in 
the aqueous phase. Additionally, the regulatory guid-
ance is clear in that the assessment of persistence in 
the sediment compartment should not be based only 
on anaerobic data [10]. This is due to the fact that 
there is generally no immediate discharge to anaerobic 
sediment or soil, and that for purposes of persistence 
assessment, it is important to understand the rate of 
degradation across the aerobic zone [10]. Due to the 
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observations above, there are serious concerns as to the 
reliability of this OECD 308 test, and it is highly likely 
that the biodegradation potential of phenanthrene was 
underestimated. The reported half-lives for the total 
system were 113  days for both fine- and course-tex-
tured sediments (Additional file 1: Table S7).
In addition to the OECD 308 test, there were several 
non-standard studies found in the literature (Fig.  5). 
Four of these utilised conditions similar to OECD 308, 
with test material applied to water-saturated natu-
ral sediments, with sediments remaining stagnant 
throughout the test period. Apitz et  al. [120] tested a 
water-saturated sediment spiked with a mixture of solid 
PAHs in sand, with no overlying water, resulting in 
a half-life of 42  days. In a second study, crude oil was 
mixed directly with sediments and the degradation of 
phenanthrene measured [121]. Three treatments, one 
with overlying water and two with a commercial dis-
persant (Corexit), with and without overlying water, 
resulted in half-lives of 18.5, 40.3 and 19.4 days, respec-
tively. Two further studies assessed the degradation of 
phenanthrene in covered mesocosms, with crude oil 
applied to the surface of sediment cores and a pump-
ing cycle used to simulate natural tides [122, 123]. The 
degradation half-lives of phenanthrene in these experi-
ments were 9 and 2.5  days. The latter study did not 
incorporate abiotic controls and is therefore afforded 
lower weight in the assessment.
In addition to the above studies employing stagnant 
sediment systems, several researchers measured degrada-
tion of phenanthrene in water-sediment slurries, where 
the system is continuously shaken [124–127]. Whilst 
these conditions are not as comparable to standard 
OECD 308 methods, it is notable that this is a common 
approach for assessing chemical degradation in sedi-
ments in research settings. Under such conditions, test 
systems would be more homogeneous and aerobic, and 
less stratified than the OECD 308 test. This may serve to 
better harmonise water-sediment biodegradation testing 
and to address some of the issues raised around robust-
ness and environmental relevance of the OECD 308 
test [29, 30, 128]. However, it may also be considered to 
represent a different scenario than OECD 308, and to 
produce more favourable conditions for degradation. 
Phenanthrene degradation half-lives in aerobic water-
sediment slurries ranged from 0.3 to 42  days (n = 26, 
geomean = 5.2  days), which were overall faster than in 
stagnant systems (n = 6; geomean = 15.5 days). The avail-
able half-lives from non-standard studies are much lower 
than the results of the OECD 308 test (Fig. 5), indicating 
the clear potential of phenanthrene to rapidly degrade 
in this compartment. These studies provide further evi-
dence that the methodological concerns with the OECD 
308 study negatively impacted phenanthrene degrada-
tion, and as such that the OECD 308 study is unreliable.
Other information useful in a weight‑of‑evidence approach
In silico predictions of phenanthrene persistence
Phenanthrene was evaluated using the QSAR model 
BioHCwin (v1.01), which has been developed specifically 
for the biodegradation half-life prediction of petroleum 
hydrocarbons [51]. Recent comparisons of BioHCwin 
predictions to experimental half-lives have found pre-
dictions to be conservative [64, 129]. Phenanthrene 
was assessed to be within the applicability domain of 
the model (Additional file 1: Section S3), and has a pre-
dicted half-life of 15.0 days. Biodegradability of phenan-
threne was also evaluated using BIOWIN (v4.10; [50]). 
In the REACH guidance R.11 [10, 53], screening criteria 
for persistence are defined for this model. A substance 
screens as “potentially P or vP” if either the result of the 
BIOWIN 2 model is < 0.5 and the result of the BIOWIN 
3 model is < 2.25, or if the result of the BIOWIN 6 model 
is < 0.5 and the result of the BIOWIN 3 model is < 2.25. 
The model results for phenanthrene were 0.99, 2.22 and 
0.19 for BIOWIN 2, 3 and 6, respectively. Therefore, 
phenanthrene screens as “potentially P or vP” based on 
the results of BIOWIN models 3 and 6, but not based 
on BIOWIN 2 and 3. It is notable that in the case of 
BIOWIN 3 the result (2.22) was very close to the crite-
ria of < 2.25. Overall the results of QSAR predictions for 
Fig. 5 Box and whisker plots of phenanthrene biodegradation 
half-life data for the sediment compartment. Data categorised 
according to slurry systems (n = 26), stagnant systems (n = 6) and 
the OECD 308 test (n = 2). P/vP thresholds for each compartment are 
shown with the red dotted line
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phenanthrene do not provide a clear indication for the 
persistence assessment.
OECD 314B test data
OECD 314 A-C studies are not currently considered 
acceptable on their own for the persistence assessment 
under REACH because they are not considered to be 
representative of the natural environment, as they repre-
sent sewage treatment facilities. Data from these studies, 
however, can be used as additional lines of evidence for 
persistence assessment as sewage treatment bacteria do 
enter surface waters and data from these studies will indi-
cate whether the substance has the potential to degrade 
[130]. Phenanthrene degradation was assessed in an 
OECD 314B study (Additional file 1: Section S6). Modi-
fications of the test system were implemented to address 
abiotic losses and achieve complete mass balance, and 
all remaining validity criteria were fulfilled. In this test, 
rapid degradation of phenanthrene was observed and 
half-life was calculated to be 0.45 days (Additional file 1: 
Table S7).
Photodegradation in air and water
Photodegradation is an important abiotic degradation 
mechanism in the environment and is known to occur 
with PAHs including phenanthrene [131]. AOPWIN 
predicted a half-life for phenanthrene of 9.9  h in the 
troposphere [55]. Based on laboratory measurements of 
aquatic photodegradation rates for phenanthrene, [25, 
26, 131–133] and information about reactivity with sun-
light-generated natural oxidants [134–138], the APEX 
model [24, 56, 139] was used to predict a vertically inte-
grated photodegradation half-life in a 3-m depth surface 
water (the depth conventionally applied for regional-
scale multimedia models) having average conditions. The 
model inputs assumed a median diurnal sunlight inten-
sity (i.e. early spring or early autumn) and partial cloud 
cover at mid-latitude (45° N), with a typical natural water 
composition and a moderate dissolved organic carbon 
concentration (3 mg C L−1 DOC). With these inputs, the 
APEX model indicates that phenanthrene photodegrades 
in a typical surface water according to a half-life of about 
30  days. The modelled photodegradation rate depends 
primarily on the season, cloud cover and DOC concen-
trations, and the rate can reasonably vary from 3.5 days 
(for fair-weather conditions in summer with 1 mg C L−1 
DOC) to 140 days (for cloudy conditions in winter with 
5 mg C L−1 DOC). These data demonstrate that photo-
degradation in the atmosphere and in surface waters are 
important fate processes for phenanthrene persistence, in 
addition to biodegradation.
Multimedia fate modelling of overall persistence
Persistence criteria are based on compartment-specific 
biodegradation half-lives. However, in the environment, 
advection processes and inter-compartmental mass 
transfers (e.g. resuspension) also play a role on the resi-
dence time of a chemical in each compartment. In recent 
work by Mackay et al. [36], the recommendation is that 
both reactive degradation half-life and transport pro-
cesses should be considered in the persistence assessment 
of a chemical. Mass balance model calculations were per-
formed using the CEMC Level III model to determine 
the steady-state distribution of phenanthrene. The total 
(steady-state) residence time is a metric commonly used 
to estimate “overall persistence”  (Pov) [33]. This model 
framework was applied with the geometric means of 
degradation half-life data compiled in the present work. 
Input values of 3.5, 21.6 and 25.4 days were selected for 
the water, soil and sediment compartments, respectively. 
The geomean for sediment included the OECD 308 data 
but excluded the slurry data as a conservative measure. 
This resulted in a total residence time for phenanthrene 
of 13 days, which is considerably lower than the REACH 
P cut-offs, even for the water compartment. Previously, 
a  Pov of ~ 90 days has been suggested as a threshold for 
assessing compounds based on overall persistence, as this 
indicates essentially complete removal from the environ-
ment within a one year timeframe [33].
Monitoring data
Monitoring data can provide supporting evidence in a 
persistence evaluation. However, it is acknowledged in 
guidance that monitoring data in itself cannot demon-
strate persistence because the presence of a substance 
in the environment is dependent on a range of factors, 
including emissions and distribution rates, as well as 
degradation processes [10]. Potential sources, volume 
trends, uses and releases should be considered when 
evaluating the suitability of monitoring data [10]. Unlike 
most industrial chemicals, PAHs in the environment 
may be attributed both to anthropogenic activities (e.g. 
coal, biomass and petroleum use, and vehicle exhaust) 
as well as a range of natural sources (e.g. forest fires and 
natural seepage from petroleum deposits) [140]. Global 
atmospheric emissions of 16 PAHs were estimated to 
be 504  Gg in 2007, with the majority being from resi-
dential/commercial biomass burning (60.5%) [141, 142]. 
Despite these large quantities, greater than 99% of atmos-
pheric inputs to oceans have been found to be degraded 
near the surface (0–200 m) [76]. Evidence from soil and 
sediment monitoring studies suggest that environmen-
tal occurrence of PAHs is predominantly from pyrogenic 
sources—both natural and anthropogenic [143–145]. 
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This is in part due to a greater relative input of PAHs 
from these sources, but is also a result of the contrast-
ing fate and degradation of PAHs from pyrogenic versus 
petrogenic sources [40]. Pyrogenic PAHs are associated 
with soot carbon, which renders them resistant to deg-
radation due to severely reduced bioavailability [97, 112]. 
This is in contrast to petrogenic PAHs, which are able to 
diffuse out of their carrier materials and into a freely dis-
solved form which is biologically labile. The variety, dif-
fuse nature and magnitude of emission sources, and their 
relative impact on fate processes, render monitoring data 
to be of limited value for use in the persistence assess-
ment of phenanthrene.
Other considerations
Assessment of phenanthrene degradation metabolites
Based on a survey of the Swiss Federal Institute of 
Aquatic Science and Technology (Eawag) EAWAG-BBD 
(Eawag Biocatalysis/Biodegradation Database), a data-
base of microbial biocatalytic reactions and biodegra-
dation pathways [146], phenanthrene is degraded by 
bacteria through one of two different routes (Additional 
file 1: Figures S9–S10). Fungi are also known to metabo-
lise phenanthrene (Additional file 1: Figure S11). Demon-
stration of rapid mineralisation of phenanthrene to  CO2 
(Fig.  2, Additional file  1: Sections S4, S8) suggests that 
degradation metabolites are unlikely to accumulate in 
the environment. This is further supported by BIOWIN2 
and BIOWIN3 QSARs that predict rapid biodegradation 
of all phenanthrene metabolites described in the Eawag 
survey (Additional file  1: Table  S9). These data support 
the conclusion that metabolites produced from phenan-
threne biodegradation are labile and not persistent in the 
environment.
Temperature correction
Guidance for persistence assessment under REACH was 
recently updated to require a European average envi-
ronmental reference temperature [53]. As such there 
is a requirement for new degradation studies to be car-
ried out at 12  °C, which is considered the mean surface 
water temperature of Europe. For existing test data, the 
guidance suggests a temperature correction using the 
Arrhenius equation should be considered [10]. This rec-
ommendation assumes that biodegradation in the envi-
ronment varies with temperature according to Arrhenius, 
and is based on an analysis of plant protection product 
biodegradation in soils [147]. However, there remains 
a body of evidence that does not support this practice 
[148–151]. In particular, the Arrhenius law, which is used 
to describe simple chemical reactions, does not consider 
the possible influence of temperature adaptation on bio-
degradation rates in complex biological systems. In a 
systematic analysis of 993 hydrocarbon biodegradation 
half-lives, Brown et  al. [150] found that the use of the 
Arrhenius equation in accordance with ECHA guidance 
over-estimated the influence of temperature on biodeg-
radation half-lives when comparing temperature-adapted 
inocula. A comparison of surface water biodegradation 
half-lives for phenanthrene did not yield any correlation 
with temperature (Fig.  3). As such, temperature correc-
tion of data for phenanthrene was considered inappro-
priate and was not performed, consistent with previous 
recommendations [17, 130, 152].
Non‑extractable residues (NER)
Chemicals that enter the environment have the poten-
tial to form non-extractable residues (NER) [153]. The 
relevance of NER, which are only detectable in radiola-
belled studies, to environmental hazard and risk assess-
ment continues to be debated, i.e.: are they a “safe sink” 
or a “hidden hazard” [154–158]? Current ECHA guid-
ance applies the latter interpretation [10, 159]. Based 
on ECHA guidance, the NER fraction should by default 
be considered to be composed entirely of non-degraded 
substance, and should be included in the calculation 
of the degradation half-life for the purpose of persis-
tence assessment [10]. This has the potential to greatly 
impact the conclusions of existing and future persistence 
assessments, with NER fractions for instance reported 
to vary widely for pesticides [160]. Three separate types 
of NER in environmental matrices have been proposed 
by Schäffer et  al. [158]: NER type I (physically trapped 
in the matrix), Type II (covalently bound to the matrix) 
and Type III (incorporated into the biomass), with 
Types II and III to be considered of low or no concern 
and removed from the assessment. However, the meth-
ods proposed for distinguishing these fractions are still 
undergoing validation [157].
In the soil simulation studies presented in this assess-
ment, rapid primary biodegradation and mineralisation 
of phenanthrene were concurrent with the formation of 
NER (Additional file  1: Figure S3). A lack of NER pro-
duced in sterile controls suggests that in biotic tests NER 
formation was unlikely to be derived from physically 
entrapped substance (i.e. Type I NER). Chemicals that are 
rapidly mineralised are prone to the formation of biomass 
(Type III NER) [153, 161]. Phenanthrene, as a chemical 
that undergoes rapid mineralisation, is therefore likely to 
form appreciable amounts of Type III NER. Furthermore, 
contributions of several PAH metabolites to the forma-
tion of covalently bound (i.e. Type II) NER have been 
described previously [162, 163]. Although no additional 
characterisation was performed to quantify the different 
types of NER produced during phenanthrene biodegra-
dation, the above evidence indicates that phenanthrene 
Page 13 of 19Hughes et al. Environ Sci Eur          (2020) 32:148  
NERs can be regarded as of low or no concern and not a 
contributing factor in the calculation of half-lives.
Bioavailability
For persistence assessment it is essential to recognise 
bioavailability to degraders as a source of significant 
variability in biodegradation data, and to take this into 
consideration when performing weight-of-evidence 
determinations if we are to arrive at a consistent and pre-
dictable prioritisation of chemicals [21]. In this context, 
since most substances will be evaluated on the basis of 
standard simulation tests, and these data are considered 
as having the greatest weight in the assessment, it follows 
that non-standard data derived under similar conditions 
should also be assigned greater weight in the assessment. 
In standard simulation tests, the chemical is directly 
spiked into the test system, and as such is introduced in 
a readily available state giving microorganisms maximum 
opportunity for degradation. This contrasts with situa-
tions where chemical bioavailability is reduced, e.g. as a 
result of aging or being entrapped in soot [40, 96, 97]. A 
failure to consider these factors raises the significant risk 
of substances being prioritised purely on the basis of dif-
ferences in conditions under which their degradation has 
been measured, rather than on their intrinsic properties. 
This is clearly an undesirable outcome if the goal is to 
have an effective prioritisation scheme for regulation.
In light of these considerations, it is worthwhile to 
reconsider the purpose of persistence assessment, which 
was developed for the specific purpose of addressing con-
cerns posed by substances that were also bioaccumulative 
and/or toxic [2]. As such, persistence is fundamentally an 
indicator of exposure potential, with persistent chemi-
cals assumed to have greater potential for increased and 
poorly reversible exposure [3–7]. However, if a chemical 
has been concluded to be persistent based on a situation 
of low bioavailability, this may in fact be a poor reflection 
of its exposure potential. This is especially the case for 
readily biodegradable substances, which are assumed to 
undergo rapid removal from the environment and there-
fore unlikely to pose a concern for bioaccumulation and 
long-term toxicity. As well as affecting the biodegrada-
tion of chemicals, bioavailability is also known to limit 
exposure to other ecological receptors [95, 96, 164, 165]. 
This is further justification to assess persistence on the 
basis of direct spiking methods, as this ensures that the 
degradation of the substance is assessed under circum-
stances in which it also has the potential to bioaccumu-
late and/or cause toxicity. Ultimately, these measures 
will lead to more consistent prioritisation of chemical 
persistence and will prevent the undesirable scenario of 
rapidly degradable substances being mis-prioritised as 
persistent.
Synthesis of all data and conclusions 
on persistence
Ready biodegradability
Phenanthrene has been demonstrated to be readily 
biodegradable. Readily biodegradable substances are 
assumed to undergo rapid and ultimate biodegrada-
tion under most environmental conditions [10, 60], and 
a conclusion of “readily biodegradable” carries signifi-
cant regulatory implications for a substance. From the 
perspective of the REACH and CLP (Classification, 
Labelling and Packaging; (EC) No 1272/2008 [166]) regu-
lations, “readily biodegradable” is a criterion which lim-
its the amount of further testing required for a substance 
(including simulation testing), reduces environmental 
exposure estimates in risk assessment and may lead to 
a more favourable environmental hazard classification. 
According to the ITS for persistence assessment under 
REACH, the role of the ready biodegradability test as a 
first tier in the assessment is explicit in that a readily bio-
degradable substance can be concluded as not fulfilling 
the criteria of P or vP.
Persistence in water
The measured half-lives for phenanthrene degradation in 
surface water are consistent across studies, geographical 
regions and testing approaches. In summary, measured 
biodegradation rates cover a range of 0.1–16  days, with 
a geometric mean of 3.5 days (Fig. 3, Table 1). The avail-
able measured half-lives for phenanthrene are substan-
tially lower than the cut-offs for persistence of 40  days 
for freshwater and 60 days for marine water and indicate 
phenanthrene to be not persistent (not P) in these envi-
ronmental compartments.
Persistence in soil
The OECD 307 simulation test is intended to provide a 
definitive degradation half-life that can be compared 
directly to the persistence criteria as defined in REACH 
Annex XIII [53]. The results from the reliable OECD 
307 study on phenanthrene (DegT50 = 6.8–17.3  days) 
Table 1 Summary of  available half-live data 
for phenanthrene
Values in parentheses include data from OECD 308 study, which have been 
demonstrated to be unreliable
a Values do not include data from slurry experiments
Compartment Half‑life (days)
n Range Geomean
Water 19 0.1–17.5 3.5
Soil 32 4.4–200 21.6
Sediment 32 (34) 0.3–42 (113) 15.5 (25.4)a
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therefore carry the highest weight in the assessment in 
soil and are well below the P cut-off. These results are 
consistent with non-standard studies which followed 
similar methods to the OECD 307 test (Fig. 4, Table 1). 
For reasons explained in “Experimental data for the soil 
compartment” and “Bioavailability” sections, studies 
where bioavailability of phenanthrene was severely lim-
ited, such as when introduced via sewage sludge, have 
been given a low weight in the assessment. Therefore, 
based on the weight of evidence, phenanthrene is con-
cluded as not persistent in soil (not P).
Persistence in sediment
The OECD 308 simulation test is intended to provide a 
definitive degradation half-life that can be compared 
directly to the persistence criteria of REACH Annex XIII 
[10]. However, the OECD 308 study on phenanthrene 
had a number of serious methodological issues. Specifi-
cally, the use of a readily biodegradable solvent to apply 
phenanthrene in a closed system resulted in oxygen 
depletion in the water phase and effects on the microbial 
activity. For these reasons, the study is not considered 
reliable for use in persistence assessment. Several addi-
tional non-standard studies are available in the literature 
that provide degradation half-lives for phenanthrene in 
aerobic water-sediment systems. All of these studies sup-
port a conclusion of “not P” for phenanthrene, with half-
lives well below the P cut-offs (Fig. 5, Table 1).
As described in “Materials and methods” section, the 
ITS for persistence assessment envisages the use of simu-
lation testing from one compartment to potentially draw 
conclusions on the other compartments [10]. In princi-
ple, this means that data from a valid simulation test in 
soil or water are relevant to the persistence of phenan-
threne in the sediment compartment as well. The avail-
able half-lives from the OECD 307 test for phenanthrene 
are around an order of magnitude lower than the P and 
vP cut-offs for both soil and sediment. Such a short half-
life in soil supports the concerns regarding the reliabil-
ity of the OECD 308 study and provides further evidence 
that phenanthrene is not P in sediment. Perhaps the 
most compelling evidence is the fact that phenanthrene 
is readily biodegradable. As already highlighted, a posi-
tive conclusion from stringent ready biodegradability 
testing is interpreted as evidence that a substance will 
undergo rapid and ultimate degradation in the environ-
ment, and carries several important regulatory implica-
tions. This fact, along with the evidence from the soil 
and water compartments, and the non-standard data 
for the sediment compartment all collectively point 
towards a conclusion of not P. In line with the principles 
of a weight-of-evidence determination, phenanthrene 
is therefore concluded to be not persistent (not P) in 
sediments.
Comparison of this study to the phenanthrene SVHC listing
The findings of this study are not in agreement with the 
regulatory decision surrounding phenanthrene [44], and 
three key differences stand out as follows:
1. The regulatory assessment by the authorities did not 
reach a conclusion on the ready biodegradability of 
phenanthrene [44]. The regulatory assessment con-
cluded “biodegradation of phenanthrene may occur 
in water”. However, ready biodegradability testing 
is not intended to reflect only degradation in water, 
but under “most environmental conditions” [53, 60]. 
Moreover, “readily biodegradable” is a specific con-
dition for waiving simulation testing in the REACH 
legal text. This demonstrates that REACH, which has 
been underpinned by the precautionary principle in 
its construction [9], recognises that readily biode-
gradable chemicals cannot also be P/vP. Thus, phen-
anthrene should be concluded “not P”.
2. The regulatory assessment by the authorities did not 
reach a conclusion for the persistency assessment of 
phenanthrene in soil, despite the highest tier of infor-
mation being available [44]. Whilst it was acknowl-
edged that rapid biodegradation occurred in the 
OECD 307 study, a seemingly equivalent weight was 
applied to biodegradation results from non-standard 
and field-based studies, where biodegradation was 
slow. It was acknowledged that field-based studies 
depend on local conditions, matrix and methodo-
logical conditions, and that these confounding fac-
tors played a dominant role in the slow biodegrada-
tion rate of phenanthrene. These facts pertaining to 
field studies are recognised in guidance and, as such, 
field studies are considered “not directly comparable 
to laboratory tests or P/vP criteria” [10]. It is because 
of such confounding factors that standardised simu-
lation testing is afforded the greatest weight in the 
regulatory assessment. Therefore, the data from the 
valid simulation test should be given the highest 
weight as the most reliable and relevant informa-
tion to conclude in the assessment, as envisaged in 
the ITS and REACH legal text. Thus, phenanthrene 
should be concluded “not P”.
3. Ultimately the vP conclusion for phenanthrene relied 
solely on the results from one study—the OECD 
308 water-sediment simulation test—after applying 
a temperature correction to extrapolate the result 
from 113  days (not P) to > 180  days (vP). As dis-
cussed above, due to serious methodological issues, 
the OECD 308 test on phenanthrene is not reliable. 
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Further, as discussed in “Temperature correction” 
section, the practice in guidance of temperature cor-
rection of degradation half-lives using the Arrhenius 
equation remains scientifically questionable and 
uncertain [150]. As has been demonstrated in this 
study, several relevant studies from the literature 
have measured the degradation of phenanthrene in 
water-sediment systems, and all resulted in half-lives 
well below the P cut-off. These studies are in line with 
results from other compartments, including the soil 
OECD 307 study. Moreover, a conclusion of vP in 
sediments for phenanthrene is in direct contradiction 
with the result from biodegradability screening and 
carries important implications for the suitability of 
the current regulatory framework, and assessments 
of over 22,000 substances registered under REACH. 
Ultimately, the conclusion of phenanthrene to be vP 
based solely on a single piece of information, which 
is significantly out of step with the broader evidence, 
is not in line with the principles of a weight-of-evi-
dence determination as defined under Annex XIII of 
REACH. Thus, phenanthrene should be concluded 
“not P”.
Conclusions
Phenanthrene is a chemical rich in persistence data, 
and therefore provides for an ideal case study for per-
sistence assessment and a critical test of the Integrated 
Testing and Assessment Strategy (ITS) applied under 
REACH. In this work, the validity of the available data 
was consistently assessed, and integrated to produce a 
weight-of-evidence determination on the persistence 
of phenanthrene. Experimental data from all compart-
ments, as well as screening tests, consistently indicate the 
rapid biodegradation potential of phenanthrene, and sup-
port a conclusion of not P. Although some non-standard 
testing and field studies indicate longer residence times, 
these data are generally attributable to pyrogenic sources 
of phenanthrene, or to situations of significantly reduced 
bioavailability. This highlights the importance of bioavail-
ability as a major source of variability in data compilation 
for persistence assessment, and the importance of stand-
ard testing methods to arrive at consistent prioritisation 
of chemicals.
This work highlights the importance of applying 
weight-of-evidence principles to the assessment of per-
sistence. Thoroughly assessing the validity of each line 
of evidence, assigning the appropriate weight to different 
lines of evidence, and considering the coherence of the 
overall dataset in the final determination, is critical. This 
is particularly important for data-rich chemicals, like 
phenanthrene.
Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1230 2-020-00427 -1.
Additional file 1. Supplementary information.
Abbreviations
APEX: Aqueous Photochemistry of Environmentally occurring Xenobiot-
ics; BOD: Biochemical oxygen demand; CLP: Classification, labelling and 
packaging; DOC: Dissolved organic carbon; EAWAG-BBD: Eawag Biocatalysis/
Biodegradation Database; ECHA: European Chemicals Agency; GC: Gas 
chromatography; GLP: Good laboratory practice; ITS: Integrated Testing and 
Assessment Strategy; MITI: Ministry of International Trade and Industry; NER: 
Non-extractable residues; OECD: Organisation of Economic Co-operation and 
Development; P: Persistent; PAH: Polycyclic aromatic hydrocarbon; PBT: Persis-
tent, bioaccumulative and toxic; Pov: Overall persistence; QSAR: Quantitative 
structure–activity relationship; REACH: Registration, evaluation, authorisation 
and restriction of chemicals; SST: Soil screening tool; SVHC: Substance of very 
high concern; ThOD: Theoretical oxygen demand; vP: Very persistent; vPvB: 
Very persistent, very bioaccumulative; WSST: Water-sediment screening tool.
Acknowledgements
The authors would like to acknowledge Sarah Bagwell and Megan Griffiths 
from Ricardo Energy & Environment for their support in the preparation of this 
manuscript. They are grateful to Thomas Junker of ECT Oekotoxikologie GmbH 
for providing comments and clarifications regarding OECD 301C data from his 
2016 study. They thank Boris Meisterjahn, Dieter Hennecke and Prasit Shrestha 
of Fraunhofer IME, who performed the simulation testing, and they are 
indebted to Prasit for his helpful comments and for providing additional con-
trol  O2 data relating to his 2019 paper. Finally, they appreciate Stefan Gartiser 
and Andrea Brunswik-Titze of Hydrotox GmbH for their discussions around 
phenanthrene biodegradability and who performed the ready biodegradabil-
ity testing presented in this paper.
Authors’ contributions
CBH and DMB are contributed to conception of study, acquisition, analy-
sis and interpretation of data, and drafting of manuscript; LC and ADR are 
contributed to conception of study, acquisition, analysis and interpretation of 
data, and substantive review; JSA is involved in acquisition, analysis and inter-
pretation of data on persistence in soil and sediment, photodegradation and 
bioavailability, and substantive review; DV is involved in acquisition, analysis 
and interpretation of section on photodegradation, and substantive review; 
NW and EV are contributed to conception of study and substantive review. All 
authors read and approved the final manuscript.
Funding
The funding for this research was provided by Concawe. Representatives of 
Concawe and its members have contributed to the preparation of this manu-
script (see “Authors’ contributions” section).
Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its Additional files.





The authors declare the following financial and non-financial interests 
which may be considered as potential competing interests: The authors are 
employed, or have previously been employed, by companies or industry asso-
ciations involved in the manufacture and marketing of petroleum substances 
that may contain phenanthrene.
Page 16 of 19Hughes et al. Environ Sci Eur          (2020) 32:148 
Author details
1 Ricardo Energy & Environment, Oxon, UK. 2 ExxonMobil Petroleum & 
Chemical BV, Machelen, Belgium. 3 Member of Concawe, Brussels, Belgium. 
4 ExxonMobil Biomedical Sciences, Inc., Annandale, NJ, USA. 5 Department 
of Chemistry, University of Turin, Turin, Italy. 6 Total Marketing & Services, Paris, 
France. 7 Concawe, Brussels, Belgium. 
Received: 28 August 2020   Accepted: 26 October 2020
References
 1. Moermond CT, Janssen MP, de Knecht JA et al (2011) PBT assessment 
using the revised annex XIII of REACH: a comparison with other regula-
tory frameworks. Integr Environ Assess Manag 8(2):359–371
 2. Matthies M, Solomon K, Vighi M et al (2016) The origin and evolution 
of assessment criteria for persistent, bioaccumulative and toxic (PBT) 
chemicals and persistent organic pollutants (POPs). Environ Sci Process 
Impacts 18(9):1114–1128
 3. Boethling R (2016) Present, bioaccumulative, and toxic: sufficient for 
PBT? Integr Environ Assess Manag 12(1):204–205
 4. Cousins IT, Ng CA, Wang Z, Scheringer M (2019) Why is high persis-
tence alone a major cause of concern? Environ Sci Process Impacts 
21(5):781–792
 5. Mackay D, Hughes DM, Romano ML, Bonnell M (2014) The role of 
persistence in chemical evaluations. Integr Environ Assess Manag 
10(4):588–594
 6. McLachlan MS (2018) Can the Stockholm convention address the 
spectrum of chemicals currently under regulatory scrutiny? Advocat-
ing a more prominent role for modeling in POP screening assessment. 
Environ Sci Process Impacts 20(1):32–37
 7. Scheringer M (2002) Persistence and spatial range of environmental 
chemicals. Environ Sci Pollut Res 9(6):422–422
 8. Rüdel H, Körner W, Letzel T et al (2020) Persistent, mobile and toxic 
substances in the environment: a spotlight on current research and 
regulatory activities. Environ Sci Eur 32(5):1–11
 9. European Commission (2006) Regulation (EC) No 1907/2006 of 
the European Parliament and of the Council of 18 December 2006 
concerning the registration, evaluation, authorisation and restriction of 
chemicals (REACH)
 10. ECHA (2017a) Guidance on information requirements and chemical 
safety assessment, Chapter R.11: endpoint specific guidance (PBT/vPvB 
assessment), version 3.0, June 2017
 11. OECD (2002a) Test No. 307: aerobic and anaerobic transformation in 
soil, OECD guidelines for the testing of chemicals, section 3. OECD 
Publishing, Paris. https ://doi.org/10.1787/97892 64070 509-en
 12. OECD (2002b) Test No. 308: aerobic and anaerobic transformation in 
aquatic sediment systems, OECD guidelines for the testing of chemi-
cals, section 3. OECD Publishing, Paris. https ://doi.org/10.1787/97892 
64070 523-en
 13. OECD (2004) Test No. 309: aerobic mineralisation in surface water—sim-
ulation biodegradation test, OECD guidelines for the testing of chemi-
cals, section 3. OECD Publishing, Paris. https ://doi.org/10.1787/97892 
64070 547-en
 14. Bridges J, Solomon KR (2016) Quantitative weight-of-evidence analysis 
of the persistence, bioaccumulation, toxicity, and potential for long-
range transport of the cyclic volatile methyl siloxanes. J Toxicol Environ 
Health B 19(8):345–379
 15. OECD (2019) Guiding principles and key elements for establishing a 
weight of evidence for chemical assessment, series on testing and 
Assessment No. 311, Environment, Health and Safety Division, Environ-
ment Directorate
 16. Suter G, Nichols J, Lavoie E et al (2020) Systematic review and weight 
of evidence are integral to ecological and human health assessments: 
they need an integrated framework. Integr Environ Assess Manag 
16:718–728
 17. Boethling R, Fenner K, Howard P et al (2009) Environmental persistence 
of organic pollutants: guidance for development and review of POP risk 
profiles. Integr Environ Assess Manag Int J 5(4):539–556
 18. CEPA (1999) Canadian Environmental Protection Act. Ottawa ON, 
Canada, p. 255
 19. USEPA (1999) Category for persistent, bioaccumulative, and toxic new 
chemical substances Fed Regist. 64: 20941-60204. https ://www.epa.
gov/revie wing-new-chemi cals-under -toxic -subst ances -contr ol-act-
tsca. Accessed Dec 2019
 20. Rauert C, Friesen A, Hermann G et al (2014) Proposal for a harmonised 
PBT identification across different regulatory frameworks. Environ Sci 
Eur 26(9):1–13
 21. van Wijk D, Chénier R, Henry T et al (2009) Integrated approach to 
PBT and POP prioritization and risk assessment. Integr Environ Assess 
Manag Int J 5(4):697–711
 22. Poursat BA, van Spanning RJ, Braster M et al (2019) Biodegradation of 
metformin and its transformation product, guanylurea, by natural and 
exposed microbial communities. Ecotoxicol Environ Saf 182:109414
 23. Atkinson R (2000) Atmospheric chemistry of VOCs and NOx. Atmos 
Environ 34(12–14):2063–2101
 24. Avetta PD, Fabbri M, Minella M et al (2016) Assessing the photo-
transformation of diclofenac, clofibric acid and naproxen in surface 
waters: model predictions and comparison with field data. Water Res 
105:383–394
 25. Fasnacht MP, Blough NV (2002) Aqueous photodegradation of polycy-
clic aromatic hydrocarbons. Environ Sci Technol 36:4364–4369
 26. Parkerton TF, Redman AD, Vaiopoulou E (2020) Assessment of 
photochemical processes in environmental risk assessment of PAHs. 
Concawe. Report no. 15/20
 27. Martin TJ, Snape JR, Bartram A et al (2017) Environmentally rel-
evant inoculum concentrations improve the reliability of persistent 
assessments in biodegradation screening tests. Environ Sci Technol 
51(5):3065–3073
 28. Brown DM, Hughes CB, Spence M et al (2018) Assessing the suitability 
of a manometric test system for determining the biodegradability of 
volatile hydrocarbons. Chemosphere 195:381–389
 29. Honti M, Fenner K (2015) Deriving persistence indicators from regula-
tory water-sediment studies—opportunities and limitations in OECD 
308 data. Environ Sci Technol 49(10):5879–5886
 30. Shrestha P, Junker T, Fenner K et al (2016) Simulation studies to explore 
biodegradation in water-sediment systems: from OECD 308 to OECD 
309. Environ Sci Technol 50(13):6856–6864
 31. Prasit Shrestha, Boris Meisterjahn, Christopher B. Hughes, Philipp Mayer, 
Heidi Birch, Dieter Hennecke, (2020) Biodegradation testing of volatile 
hydrophobic chemicals in water-sediment systems – Experimental 
developments and challenges. Chemosphere 238:124516
 32. Shrestha P, Meisterjahn B, Klein M et al (2018) Biodegradation of volatile 
chemicals in soil: separating volatilization and degradation in an 
improved test setup (OECD 307). Environ Sci Technol 53(1):20–28
 33. Scheringer M, Jones KC, Matthies M et al (2009) Multimedia partition-
ing, overall persistence, and long-range transport potential in the 
context of POPs and PBT chemical assessments. Integr Environ Assess 
Manag Int J 5(4):557–576
 34. Arnot JA, Mackay D (2008) Policies for chemical hazard and risk priority 
setting: can persistence, bioaccumulation, toxicity, and quantity infor-
mation be combined? Environ Sci Technol 42(13):4648–4654
 35. Bonnell MA, Zidek A, Griffiths A et al (2017) Fate and exposure mod-
eling in regulatory chemical evaluation: new directions from retrospec-
tion. Environ Sci Process Impacts 20:20–31
 36. Mackay D, Celsie AKD, Parnis JM, Arnot J (2020) A perspective on the 
role of fugacity and activity for evaluating the PBT properties of organic 
chemicals and providing a multi-media synoptic indicator of environ-
mental contamination. Environ Sci Process Impacts 22:518–527
 37. Achten C, Andersson JT (2015) Overview of polycyclic aromatic com-
pounds (PAC). Polycycl Aromat Compd 35(2–4):177–186
 38. IARC (2010) Painting, firefighting, and shiftwork. IARC monographs on 
the evaluation of carcinogenic risks to humans, No. 98. IARC Working 
Group on the Evaluation of Carcinogenic Risks to Humans.
 39. Sun Y, Miller CA III, Wiese TE, Blake DA (2014) Methylated phenan-
threnes are more potent than phenanthrene in a bioassay of human 
aryl hydrocarbon receptor (AhR) signaling. Environ Toxicol Chem 
33(10):2363–2367
Page 17 of 19Hughes et al. Environ Sci Eur          (2020) 32:148  
 40. Burgess RM, Ahrens MJ, Hickey CW et al (2003) An overview of the par-
titioning and bioavailability of PAHs in sediments and soils. In: Douben 
P (ed) PAHs: an ecotoxicological perspective. Wiley, London
 41. Stogiannidis E, Laane R (2015) Source characterization of polycyclic 
aromatic hydrocarbons by using their molecular indices: an overview of 
possibilities. Reviews of environmental contamination and toxicology. 
Springer, Cham
 42. Tobiszewski M, Namieśnik J (2012) PAH diagnostic ratios for the identifi-
cation of pollution emission sources. Environ Pollut 162:110–119
 43. Armitage J, Toose L, Camenzuli L et al (2020) A critical review and 
weight of evidence approach for assessing the bioaccumulation of 
phenanthrene in aquatic environments (Manuscript submitted for 
publication)
 44. ECHA (2018a) Member State Committee Support Document for identi-
fication of phenanthrene as a substance of very high concern because 
of its vPvB (Article 57e) properties. Adopted on 12 Dec 2018. https ://
www.echa.europ a.eu/docum ents/10162 /abc44 d64-7bfe-ee88-d8a6-
7ea30 a4483 60
 45. ECHA (2009) Member State Committee Support Document for identi-
fication of coal tar pitch, high temperature as a substance of very high 
concern because of its PBT and CMR properties. Adopted on 2 Dec 
2009. https ://www.echa.europ a.eu/docum ents/10162 /73d24 6d4-8c2a-
4150-b656-c1594 8bf0e 77
 46. ECHA (2018b) Comments on an Annex XV dossier for identification of 
a substance as SVHC and responses to these comments. https ://www.
echa.europ a.eu/docum ents/10162 /cf2b3 47a-f6d7-0812-a465-72b99 
999ac e3.
 47. ECHA (2018c) Proposal for identification of a substance of very high 
concern on the basis of the criteria set out in REACH Article 57. Annex 
XV report. https ://www.echa.europ a.eu/docum ents/10162 /fa440 
9d4-fb3a-174f-c048-6ebfa 5b864 07
 48. CITI (1992) Biodegradation and bioaccumulation data of existing 
chemicals based on CSCL Japan. Chemicals Inspection and Testing 
Institute
 49. Junker T, Coors A, Schüürmann G (2016) Development and application 
of screening tools for biodegradation in water-sediment systems and 
soil. Sci Total Environ 544:1020–1030
 50. Boethling RS, Lynch DG, Thom GC (2003) Predicting ready biodegra-
dability of premanufacture notice chemicals. Environ Toxicol Chem 
22:837–844
 51. Howard P, Meylan W, Aronson D et al (2005) A new biodegradation 
prediction model specific to petroleum hydrocarbons. Environ Toxicol 
Chem Int J 24(8):1847–1860
 52. OECD (2008) Test No. 314: simulation tests to assess the biodegradabil-
ity of chemicals discharged in wastewater, OECD guidelines for the 
testing of chemicals, section 3. OECD Publishing, Paris. https ://doi.
org/10.1787/97892 64067 493-en
 53. ECHA (2017b) Guidance on information requirements and chemical 
safety assessment, Chapter R.7b: endpoint specific guidance, version 
4.0, June 2017
 54. Mackay D (2001) Multimedia environmental models. CRC Press, Boca 
Raton. https ://doi.org/10.1201/97814 20032 543
 55. Meylan WM, Howard PH (1993) Computer estimation of the atmos-
pheric gas-phase reaction rate of organic compounds with hydroxyl 
radicals and ozone. Chemosphere 26:2293–2299
 56. Bodrato M, Vione D (2014) APEX (aqueous photochemistry of envi-
ronmentally occurring xenobiotics): a free software tool to predict 
the kinetics of photochemical processes in surface waters. Environ Sci 
Process Impacts 16(4):732–740
 57. OECD (1992a) Test No. 301: ready biodegradability, OECD guidelines for 
the testing of chemicals, section 3. OECD Publishing, Paris. https ://doi.
org/10.1787/97892 64070 349-en
 58. ISO (2018) Water quality—preparation and treatment of poorly water-
soluble organic compounds for the subsequent evaluation of their 
biodegradability in an aqueous medium. ISO Standard 10634.
 59. Kowalczyk A, Martin TJ, Price OR et al (2015) Refinement of biodegrada-
tion tests methodologies and the proposed utility of new microbial 
ecology techniques. Ecotoxicol Environ Saf 111:9–22
 60. OECD (2006) Revised introduction to the OECD guidelines for testing 
of chemicals, section 3, OECD guidelines for the testing of chemicals, 
section 3. OECD Publishing, Paris. https ://doi.org/10.1787/97892 64030 
213-en
 61. Gartiser S, Urich E, Alexy R, Kümmerer K (2007) Anaerobic inhibition 
and biodegradation of antibiotics in ISO test schemes. Chemosphere 
66(10):1839–1848
 62. Kayashima T, Taruki M, Katagiri K et al (2014) Comparison of biodegrada-
tion performance of OECD test guideline 301C with that of other ready 
biodegradability tests. Environ Toxicol Chem 33(2):328–333
 63. Sherrill TW, Sayler GS (1980) Phenanthrene biodegradation in freshwa-
ter environments. Appl Environ Microbiol 39(1):172–178
 64. Birch H, Hammershøj R, Mayer P (2018) Determining biodegradation 
kinetics of hydrocarbons at low concentrations: covering 5 and 9 orders 
of magnitude of Kow and Kaw. Environ Sci Technol 52(4):2143–2151
 65. Comber MIH, den Haan KH, Djemel N et al (2012) Primary biodegrada-
tion of petroleum hydrocarbons in seawater. Concawe. Report No. 
10/12
 66. Hammershøj R, Birch H, Redman AD, Mayer P (2019) Mixture effects on 
biodegradation kinetics of hydrocarbons in surface water: increasing 
concentrations inhibited degradation whereas multiple substrates did 
not. Environ Sci Technol 53(6):3087–3094
 67. Brakstad OG, Nordtug T, Throne-Holst M (2015) Biodegradation of 
dispersed Macondo oil in seawater at low temperature and different oil 
droplet sizes. Mar Pollut Bull 93:144–152
 68. Brakstad OG, Farooq U, Ribicic D, Netzer R (2018) Dispersibility and 
biotransformation of oils with different properties in seawater. Chemos-
phere 191:44–53
 69. Brakstad OG, Ribicic D, Winkler A, Netzer R (2018) Biodegradation of 
dispersed oil in seawater is not inhibited by a commercial oil spill 
dispersant. Mar Pollut Bull 129(2):555–561
 70. Lofthus S, Almås IK, Evans P et al (2018) Biodegradation in seawater of 
PAH and alkylphenols from produced water of a North Sea platform. 
Chemosphere 206:465–473
 71. Prince RC, McFarlin KM, Butler JD et al (2013) The primary biodegrada-
tion of dispersed crude oil in the sea. Chemosphere 90(2):521–526
 72. Ribicic D, Netzer R, Hazen TC et al (2018) Microbial community and 
metagenome dynamics during biodegradation of dispersed oil reveals 
potential key-players in cold Norwegian seawater. Mar Pollut Bull 
129(1):370–378
 73. Prince RC, Haitmanek C, Lee CC (2008) The primary aerobic biodegrada-
tion of biodiesel B20. Chemosphere 71(8):1446–1451
 74. OECD (1992b) Test No 306: biodegradability in seawater, OECD guide-
lines for the testing of chemicals, section 3. OECD Publishing, Paris. 
https ://doi.org/10.1787/97892 64070 486-en
 75. Brakstad OG, Størseth TR, Rønsberg MU, Hansen BH (2018) Biodegra-
dation-mediated alterations in acute toxicity of water-accommodated 
fraction and single crude oil components in cold seawater. Chemos-
phere 204:87–91
 76. González-Gaya B, Martínez-Varela A, Vila-Costa M et al (2019) Biodeg-
radation as an important sink of aromatic hydrocarbons in the oceans. 
Nat Geosci 12(2):119–125
 77. Coover MP, Sims RC (1987) The effect of temperature on polycyclic 
aromatic hydrocarbon persistence in an unacclimated agricultural soil. 
Hazard Waste Hazard Mater 4(1):69–82
 78. Baltrons O, López-Mesas M, Vilaseca M et al (2018) Influence of a 
mixture of metals on PAHs biodegradation processes in soils. Sci Total 
Environ 628–629:150–158
 79. Colombo M, Cavalca L, Bernasconi S et al (2011) Bioremediation of 
polyaromatic hydrocarbon contaminated soils by native microflora and 
bioaugmentation with Sphingobium chlorophenolicum strain C3R: a 
feasibility study in solid- and slurry-phase microcosms. Int Biodeterior 
Biodegrad 65:191–197
 80. Crampon M, Bureau F, Akpa-Vinceslas M et al (2014) Correlations 
between PAH bioavailability, degrading bacteria and soil characteristics 
during PAH biodegradation in five diffusely contaminated dissimilar 
soils. Environ Sci Pollut Res 21:8133–8145
 81. Crampon M, Cébron A, Portet-Koltalo F et al (2017) Low effect of phen-
anthrene bioaccessibility on its biodegradation in diffusely contami-
nated soil. Environ Pollut 225:663–673
 82. Keck J, Sims RC, Coover M et al (1989) Evidence for cooxidation of 
polynuclear aromatic hydrocarbons in soil. Water Res 23(12):1467–1476
Page 18 of 19Hughes et al. Environ Sci Eur          (2020) 32:148 
 83. Lamberts RF, Christensen JH, Mayer P et al (2008) Isomer-specific 
biodegradation of methylphenanthrenes by soil bacteria. Environ Sci 
Technol 42:4790–4796
 84. Park KS, Sims RC, Dupont RR (1990) Transformation of PAHs in soil 
systems. J Environ Eng 116(3):632–640
 85. Rathankumar AK, Saikia K, Ramachandran K et al (2020) Effect of soil 
organic matter (SOM) on the degradation of polycyclic aromatic 
hydrocarbons using Pleurotus dryinus IBB 903-A microcosm study. J 
Environ Manag 260:110153
 86. Sigmund G, Poyntner C, Piñar G et al (2018) Influence of compost 
and biochar on microbial communities and the sorption/degrada-
tion of PAHs and NSO-substituted PAHs in contaminated soils. J 
Hazard Mater 345:107–113
 87. Smith M, Lethbridge G, Burns RG (1997) Bioavailability and biodeg-
radation of polycyclic aromatic hydrocarbons in soil. FEMS Microbiol 
Lett 152:141–147
 88. Wong KW, Toh BA, Ting YP et al (2005) Biodegradation of phenan-
threne by the indigenous microbial biomass in a zinc amended soil. 
Lett Appl Microbiol 40:50–55
 89. Yang Y, Zhang N, Xue M et al (2011) Effects of soil organic matter on 
the development of the microbial polycyclic aromatic hydrocarbons 
(PAHs) degradation potentials. Environ Pollut 159:591–595
 90. Abraham MH, Le J, Acree WE Jr et al (2001) The solubility of gases and 
vapours in dry octan-1-ol at 298 K. Chemosphere 44(4):855–863
 91. Kanazawa S, Filip Z (1986) Effects of trichloroethylene, tetrachloro-
ethylene and dichloromethane on enzymatic activities in soil. Appl 
Microbiol Biotechnol 25(1):76–81
 92. Wild SR, Berrow ML, Jones KC (1991) The persistence of polynuclear 
aromatic hydrocarbons (PAHs) in sewage sludge amended agricul-
tural soils. Environ Pollut 72(2):141–157
 93. Wild SR, Jones KC (1993) Biological and abiotic losses of polynuclear 
aromatic hydrocarbons (PAHs) from soils freshly amended with sewage 
sludge. Environ Toxicol Chem Int J 12(1):5–12
 94. Harmsen J, Rietra RP (2018) 25 years monitoring of PAHs and petroleum 
hydrocarbons biodegradation in soil. Chemosphere 207:229–238
 95. Ortega-Calvo JJ, Harmsen J, Parsons JR et al (2015) From bioavail-
ability science to regulation of organic chemicals. Environ Sci Technol 
49(17):10255–10264
 96. Umeh AC, Duan L, Naidu R, Semple KT (2017) Residual hydropho-
bic organic contaminants in soil: are they a barrier to risk-based 
approaches for managing contaminated land? Environ Int 98:18–34
 97. Yu L, Duan L, Naidu R et al (2018) Abiotic factors controlling bioavail-
ability and bioaccessibility of polycyclic aromatic hydrocarbons in soil: 
putting together a bigger picture. Sci Total Environ 613–614:1140–1153
 98. Sjøholm KK, Flyckt-Nielsen M, Bucheli TD, Mayer P (2018) Thermody-
namic assessment of (semi-) volatile hydrophobic organic chemicals 
in WWTP sludge—combining solid phase microextraction with non-
target GC/MS. Environ Sci Process Impacts 20(12):1728–1735
 99. Stevens JL, Northcott GL, Stern GA et al (2003) PAHs, PCBs, PCNs, organ-
ochlorine pesticides, synthetic musks, and polychlorinated n-alkanes in 
UK sewage sludge: survey results and implications. Environ Sci Technol 
37(3):462–467
 100. Wild SR, Waterhouse KS, McGrath SP, Jones KC (1990) Organic contami-
nants in an agricultural soil with a known history of sewage sludge 
amendments: polynuclear aromatic hydrocarbons. Environ Sci Technol 
24(11):1706–1711
 101. Oleszczuk P (2009) Application of three methods used for the evalu-
ation of polycyclic aromatic hydrocarbons (PAHs) bioaccessibility for 
sewage sludge composting. Bioresour Technol 100(1):413–420
 102. Díaz-Cruz MS, García-Galán MJ, Guerra P et al (2009) Analysis of selected 
emerging contaminants in sewage sludge. TrAC Trends Anal Chem 
28(11):1263–1275
 103. Harrison EZ, Oakes SR, Hysell M, Hay A (2006) Organic chemicals in sew-
age sludges. Sci Total Environ 367(2–3):481–497
 104. Ratola N, Cincinelli A, Alves A et al (2012) Occurrence of organic micro-
contaminants in the wastewater treatment process. A mini review. J 
Hazard Mater 239:1–18
 105. Tavazzi S, Locoro G, Comero S et al (2012) Occurrence and levels of 
selected compounds in european sewage sludge samples. European 
Commission Joint Research Centre, Institute for Environment and 
Sustainability, Ispra
 106. Barret M, Carrere H, Delgadillo L, Patureau D (2010) PAH fate during the 
anaerobic digestion of contaminated sludge: do bioavailability and/or 
cometabolism limit their biodegradation? Water Res 44(13):3797–3806
 107. Delgadillo-Mirquez L, Lardon L, Steyer JP, Patureau D (2011) A new 
dynamic model for bioavailability and cometabolism of micropollut-
ants during anaerobic digestion. Water Res 45(15):4511–4521
 108. Oleszczuk P, Hale SE, Lehmann J et al (2012) Activated carbon and 
biochar amendments decrease pore-water concentrations of polycyclic 
aromatic hydrocarbons (PAHs) in sewage sludge. Bioresour Technol 
111:84–91
 109. Allan IJ, Christensen G, Bæk K, Evenset A (2016) Photodegradation of 
PAHs in passive water samplers. Mar Pollut Bull 105(1):249–254
 110. Breedveld GD, Pelletier É, St. Louis R, Cornelissen G, (2007) Sorption 
characteristics of polycyclic aromatic hydrocarbons in aluminium 
smelter residues. Environ Sci Technol 41(7):2542–2547
 111. Cornelissen G, Gustafsson Ö (2004) Sorption of phenanthrene to envi-
ronmental black carbon in sediment with and without organic matter 
and native sorbates. Environ Sci Technol 38(1):148–155
 112. Jonker MT, Koelmans AA (2002) Extraction of polycyclic aromatic hydro-
carbons from soot and sediment: solvent evaluation and implications 
for sorption mechanism. Environ Sci Technol 36(19):4107–4113
 113. Jonker MT, Hawthorne SB, Koelmans AA (2005) Extremely slowly 
desorbing polycyclic aromatic hydrocarbons from soot and soot-like 
materials: evidence by supercritical fluid extraction. Environ Sci Technol 
39(20):7889–7895
 114. Rhodes AH, Carlin A, Semple KT (2008) Impact of black carbon in the 
extraction and mineralization of phenanthrene in soil. Environ Sci 
Technol 42(3):740–745
 115. Ruus A, Bøyum O, Grung M, Næs K (2010) Bioavailability of PAHs in 
aluminum smelter affected sediments: evaluation through assessment 
of pore water concentrations and in vivo bioaccumulation. Environ Sci 
Technol 44(24):9291–9297
 116. Yang K, Xing B (2009) Sorption of phenanthrene by humic acid-coated 
nanosized  TiO2 and ZnO. Environ Sci Technol 43(6):1845–1851
 117. Northcott GL, Jones KC (2001) Partitioning, extractability, and formation 
of nonextractable PAH residues in soil. 1. Compound differences in 
aging and sequestration. Environ Sci Technol 35(6):1103–1110
 118. Blum D, Speece R (1991) A database of chemical toxicity to environ-
mental bacteria and its use in interspecies comparisons and correla-
tions. Res J Water Pollut Control Fed 63(3):198–207
 119. Volskay V, Grady C (1988) Toxicity of selected RCRA compounds 
to activated sludge microorganisms. J (Water Pollut Control Fed) 
60(10):1850–1856
 120. Apitz SE, Arias E, Clawson SA et al (1999) The development of a sterile, 
PAH-spiked, aged marine sediment for biodegradation experiments: 
chemical results. Org Geochem 30:891–900
 121. Bacosa HP, Erdner DL, Rosenheim BE, Shetty P, Seitz KW, Baker BJ, Liu Z 
(2018) Hydrocarbon degradation and response of seafloor sediment 
bacterial community in the northern Gulf of Mexico to light Louisiana 
sweet crude oil. ISME J 12(10):2532–2543
 122. Sanni GO, Coulon F, McGenity TJ (2015) Dynamics and distribution of 
bacterial and archaeal communities in oil-contaminated temperate 
coastal mudflat mesocosms. Environ Sci Pollut Re 22(20):15230–15247
 123. Coulon F, Chronopoulou P-M, Fahy A, Païssé S, Goñi-Urriza M, Peperzak 
L, Alvarez LA, McKew BA, Brussaard CPD, Underwood GJC, Timmis 
KN, Duran R, McGenity TJ (2012) Central role of dynamic tidal biofilms 
dominated by aerobic hydrocarbonoclastic bacteria and diatoms in 
the biodegradation of hydrocarbons in coastal mudflats. Appl Environ 
Microbiol 78(10):3638–3648
 124. Chen J, Wong MH, Wong YS et al (2008) Multi-factors on biodegrada-
tion kinetics of polycyclic aromatic hydrocarbons (PAHs) by Sphingo-
monas sp. a bacterial strain isolated from mangrove sediment. Mar 
Pollut Bull 57:695–702
 125. Chen JL, Au KC, Wong YS et al (2010) Using orthogonal design to 
determine optimal conditions for biodegradation of phenanthrene in 
mangrove sediment slurry. J Hazard Mater 176:666–671
 126. Ferguson RMW, Gontikaki E, Anderson JA et al (2017) The variable 
influence of dispersant on degradation of oil hydrocarbons in subarctic 
deep-sea sediments at low temperatures (0–5 °C). Sci Rep 7:2253
Page 19 of 19Hughes et al. Environ Sci Eur          (2020) 32:148  
 127. Sakaya K, Salam DA, Campo P (2019) Assessment of crude oil bioreme-
diation potential of seawater and sediments from the shore of Lebanon 
in laboratory microcosms. Sci Total Environ 660:227–235
 128. Honti M, Hahn S, Hennecke S, Junker T, Shrestha P, Fenner K (2016) Bridging 
across OECD 308 and 309 data in search of a robust biotransformation 
indicator. Environ Sci Technol 50(13):6865–6872
 129. Prosser CM, Redman AD, Prince RC et al (2016) Evaluating persistence of 
petroleum hydrocarbons in aerobic aqueous media. Chemosphere 
155:542–549
 130. ECETOC (2014) Information to be considered in weight of evidence-based 
PBT/vPvB assessment of chemicals (Annex XIII of REACH). Special Report 
No. 18
 131. de Bruyn WJ, Clark CD, Ottelle K, Aiona P (2012) Photochemical degrada-
tion of phenanthrene as a function of natural water variables modeling 
freshwater to marine environments. Mar Pollut Bull 64(3):532–538
 132. Mills WB, Porcella DB, Ungs MJ et al (1985) A screening procedure for 
toxic and conventional pollutants in surface and ground water—Part I 
(Revised–1985). United States Environmental Protection Agency, Environ-
mental Research Laboratory Athens GA USA, EPA report 600/6-85/002a
 133. Jacobs LE, Weavers LK, Chin Y-P (2008) Direct and indirect photolysis of 
polycyclic aromatic hydrocarbons in nitrate-rich surface waters. Environ 
Toxicol Chem 27:1643–1648
 134. Arnold WA, Oueis Y, O’Connor M et al (2017) QSARs for phenols and 
phenolates: oxidation potential as a predictor of reaction rate constants 
with photochemically produced oxidants. Environ Sci Processes Impacts 
19:324–338
 135. Beltran FJ, Rivas J, Alvarez PM et al (1999) A kinetic model for advanced 
oxidation processes of aromatic hydrocarbons in water: application to 
phenanthrene and nitrobenzene. Ind Eng Chem Res 38:4189–4199
 136. Canonica S, Kohn T, Mac M et al (2005) Photosensitizer method to determine 
rate constants for the reaction of carbonate radical with organic com-
pounds. Environ Sci Technol 39:9182–9188
 137. McNeill K, Canonica S (2016) Triplet state dissolved organic matter in aquatic 
photochemistry: reaction mechanisms, substrate scope, and photophysi-
cal properties. Environ Sci Process Impacts 18:1381–1399
 138. Yoshimi Y, Hayashi S, Nishikawa K et al (2010) Influence of solvent, electron 
acceptors and arenes on photochemical decarboxylation of free carbox-
ylic acids via single electron transfer (SET). Molecules 15:2623–2630
 139. Vione D (2020) A critical view of the application of the APEX software (aque-
ous photochemistry of environmentally-occurring xenobiotics) to predict 
photoreaction kinetics in surface freshwaters. Molecules. https ://doi.
org/10.3390/molec ules2 50100 09
 140. Van Der Meer F, Van Dijk P, Van Der Werff H et al (2002) Remote sensing and 
petroleum seepage: a review and case study. Terra Nova 14:1–17
 141. Shen H, Huang Y, Wang R (2013) Global atmospheric emissions of polycyclic 
aromatic hydrocarbons from 1960 to 2008 and future predictions. Environ 
Sci Technol 47(12):6415–6424
 142. Zhang Y, Tao S (2009) Global atmospheric emission inventory of polycyclic 
aromatic hydrocarbons (PAHs) for 2004. Atmos Environ 43(4):812–819
 143. Kim AW, Vane CH, Moss-Hayes VL et al (2018) Polycyclic aromatic hydro-
carbons (PAHs) and polychlorinated biphenyls (PCBs) in urban soils of 
Glasgow, UK. Earth Environ Sci Trans R Soc Edinb 108(2–3):231–247
 144. Vane CH, Kim AW, Beriro DJ et al (2014) Polycyclic aromatic hydrocarbons 
(PAH) and polychlorinated biphenyls (PCB) in urban soils of Greater Lon-
don, UK. Appl Geochem 51:303–314
 145. Vane CH, dos Santos RAL, Kim AW et al (2019) Persistent organic pollutants 
(PAH, PCB, TPH) in freshwater, urban tributary and estuarine surface sedi-
ments of the River Clyde, Scotland, UK. Earth Environ Sci Trans R Soc Edinb 
108(2–3):299–313
 146. Gao J, Ellis LBM, Wackett LP (2010) The University of Minnesota biocatalysis/
biodegradation database: improving public access. Nucleic Acids Res 
38:488–491
 147. EFSA (2007) Opinion on a request from EFSA related to the default Q10 
value used to describe the temperature effect on transformation rates 
of pesticides in soil—scientific opinion of the panel on plant protection 
products and their residues (PPR panel). EFSA J 6(1):622
 148. Bagi A, Pampanin DM, Brakstad OG, Kommedal R (2013) Estimation of hydro-
carbon biodegradation rates in marine environments: a critical review of 
the Q10 approach. Mar Environ Res 89:83–90
 149. Bagi A (2017) Microbial degradation in the aquatic environment. In: Pampa-
nin DM, Sydnes MO (eds) Petrogenic polycyclic aromatic hydrocarbons in 
the aquatic environment: analysis, synthesis, toxicity and environmental 
impact. Bentham Science Publishers, Sharjah, pp 205–232
 150. Brown DM, Camenzuli L, Redman AD et al (2020) Is the Arrhenius-correction 
of biodegradation rates, as recommended through REACH guidance, 
fit for environmentally relevant conditions: an example from petroleum 
biodegradation in environmental systems. Sci Total Environ 732:139293
 151. Lewis A, Prince RC (2018) Integrating dispersants in oil spill response in Arctic 
and other icy environments. Environ Sci Technol 52(11):6098–6112
 152. Matthies M, Beulke S (2017) Considerations of temperature in the context of 
the persistence classification in the EU. Environ Sci Eur 29(1):15
 153. Kastner M, Nowak KM, Miltner A et al (2014) Classification and modelling of 
nonextractable residue (NER) formation of xenobiotics in soil—a synthe-
sis. Crit Rev Environ Sci Technol 44(19):2107–2171
 154. ECETOC (2012a) Understanding the relationship between extraction tech-
nique and bioavailability. ECETOC Technical Report 117
 155. ECETOC (2012b) Development of interim guidance for the inclusion of non-
extractable residues (NER) in the risk assessment of chemicals. ECETOC 
Technical Report 118
 156. Harmsen J, Hennecke D, Hund-Rinke K et al (2019) Certainties and uncertain-
ties in accessing toxicity of non-extractable residues (NER) in soil. Environ 
Sci Eur 31(99):1–14
 157. Kastner M, Trapp S, Schaeffer A (2018) Consultancy services to support ECHA 
in improving the interpretation of non-extractable residues (NER) in deg-
radation assessment. Discussion paper—final report. https ://echa.europ 
a.eu/docum ents/10162 /13630 /echa_discu ssion _paper _en.pdf/4185c 
f6483 33-fad2-8ddb-85c09 a560f 7c
 158. Schäffer A, Kastner M, Trapp S (2018) A unified approach for including non-
extractable residues (NER) of chemicals and pesticides in the assessment 
of persistence. Environ Sci Eur 30(51):1–14
 159. ECHA (2019) Options to address non-extractable residues in regulatory 
persistence assessment. Background Note, 10 June 2019
 160. Barriuso E, Benoit P, Dubus IG (2008) Formation of pesticide nonextractable 
(bound) residues in soil: magnitude, controlling factors and reversibility. 
Environ Sci Technol 42:1845–1854
 161. Trapp S, Brock AL, Nowak K, Kästner M (2017) Prediction of the formation of 
biogenic nonextractable residues during degradation of environmental 
chemicals from biomass yields. Environ Sci Technol 52(2):663–672
 162. Richnow HH, Seifert R, Hefter J et al (1994) Metabolites of xenobiotica and 
mineral oil constituents linked to macromolecular organic matter in pol-
luted environments. Org Geochem 22(3–5):671–681
 163. Richnow HH, Seifert R, Hefter J et al (1997) Organic pollutants associated 
with macromolecular soil organic matter—a mode of binding. Org Geo-
chem 26(11–12):745–758
 164. Alexander M (2000) Aging, bioavailability, and overestimation of risk from 
environmental pollutants. Environ Sci Technol 34(20):4259–4265
 165. Kelsey JW, Alexander M (1997) Declining bioavailability and inappropriate 
estimation of risk of persistent compounds. Environ Toxicol Chem Int J 
16(3):582–585
 166. Regulation (EC) No 1272/2008 of the European Parliament and of the Coun-
cil on Classification, labelling and packaging of substances and amending 
and repealing Directives 67/548/EEC and 1999/45/EC, and amending 
Regulation (EC) No. 1907/2006 [2008].1272
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
